Caridean shrimp exhibit a wide variety of sexual and mating systems, and many species are well studied. Gnathophylloides mineri Schmitt, 1933 is a small, circumtropical symbiont of various species of sea urchins. Very little is known about the reproductive ecology of this species. Field surveys of a Jamaican G. mineri population showed that the reproduction occurred throughout the year, with a consistently high (>80%) percentage of ovigerous females in all seasons. The female: male sex ratio (1.31 : 1) was not significantly different than 1 : 1. Typically 1 to 3, and no more than 5, shrimp per urchin were observed at our field sites, a lower density than at other Caribbean locations where larger urchins support greater numbers of smaller individual shrimp. Gnathophylloides mineri Schmitt, 1933 occurred predominantly as pairs, and 85% of those pairs consisted of one male and one female. Such strong pair-bonding suggests the shrimp may be socially monogamous, unlike polygynous populations elsewhere that have greater numbers of shrimp per urchin and highly femalebiased sex ratios. The duration and fidelity of the pair bond in Jamaican G. mineri, however, is uncertain. Despite the high incidence of heterosexual pair-bonding, 74% of females with no male partners were ovigerous, suggesting that males engage in either extra-pair mating behavior or sequential monogamy. Given the circumtropical distribution and ecological variability among populations of G. mineri, the study of this species can provide valuable insight into the accuracy of current caridean reproductive models.
INTRODUCTION
Caridean shrimp exhibit a wide variety of sexual and mating systems, from gonochorism to various forms of protandrous hermaphroditism, and from monogamy to various forms of polygamy (reviewed by Correa and Thiel, 2003) . Monogamy and pure searching (males move about in search of females but there is no prolonged male-female pairing except during copulation) are the most common mating systems globally (Correa and Thiel, 2003) . True monogamy tends to occur in species where it is difficult for males to find females. Monogamy is often associated with sexual dimorphism in body size since small males can successfully fertilize all the eggs of larger, and therefore more fecund, females. Species that engage in pure searching also typically exhibit sexual dimorphism because smaller males are better hidden from predators and can therefore search for females more effectively (Correa and Thiel, 2003) . While much is known about caridean reproduction, information on additional species would be helpful in refining current models of reproductive systems in this group.
Gnathophylloides mineri Schmitt, 1933 is a circumtropical caridean symbiont of various species of sea urchins (Schmitt, 1933; Castro, 1971; Patton et al., 1985; Okuno and Tanaka, 2001; Maciá and Robinson, 2009; Williamson et al., 2012) . The shrimp have a number of camouflaging morphological and behavioral adaptations (Criales, 1984; Patton et al., 1985) , and feed primarily on the epithelium of their urchin hosts (Lewis, 1956; Patton et al., 1985) . Although they can be very abundant, little is known about their reproductive or post-larval behavior, or that of any other members of Gnathophyllidae (Corey and Reid, 1991; Correa and Thiel, 2003) . Only one study has described any aspect of the reproductive ecology of G. mineri: in the Virgin Islands they have a strongly female-biased sex ratio, with over 90% of those females bearing eggs (Patton et al., 1985) . We investigated the mating system of G. mineri in Jamaica, where it is a common symbiont of seagrass-associated sea urchins. Thiel and Baeza (2001) developed a model to predict the social behavior of symbiotic crustaceans based on the potential of symbionts to monopolize their hosts and find conspecific individuals. Species with a low probability of finding mates but a high probability of monopolizing their host should occur as heterosexual monogamous pairs. Given the highly cryptic nature of G. mineri and the patchiness of their habitats (urchins), this model predicts that these shrimp should be monogamous. A more recent model predicts mating systems based on characteristics of the host as well as risk of predation to the symbiotic crustacean (Baeza and Thiel, 2007) . As G. mineri are small and poorly defended and occur in tropical seagrass habitats with large numbers of predatory fishes (primarily wrasses and grunts), we assume that predation pressure on these shrimp is high. Of the five mating systems described in the model, two are predicted to occur in habitats with high predation: monogamy and host-defense polygyny (Baeza and Thiel, 2007) . Monogamy is predicted for symbionts living on relatively small hosts, while polygyny is predicted for symbionts, like G. mineri, on large hosts. Our study aims to elucidate the mating system of G. mineri and, in so doing, may help validate these models.
MATERIALS AND METHODS

Materials and Data Collection
We conducted our research primarily at Frances Reef (FR), a site with a shallow (0.5 to 1. in this initial survey, no shrimp were found during the third minute. Thus, in subsequent surveys we inspected this urchin species for only two minutes. Of the 18 shrimp found on T. ventricosus in the initial survey, only one was found in the third minute. Nevertheless, in subsequent surveys individuals of T. ventricosus were always inspected for three minutes. We removed all observed shrimp from the urchin and inspected them with a magnifying glass before returning them to the urchin. We classified embryonic development as: no eggs; Stage 1 embryos (no discernible eyes); or Stage 2 embryos (discernible eyes) (modified from Bauer, 1986) . This non-destructive sampling did not allow sexing of non-ovigerous individuals; therefore, we calculated sexratios only from the complete surveys described below.
During two of the sampling dates (March 2001 and February 2002 , all three sites) we collected all G. mineri found on the urchins and fixed them in 10% buffered neutral formalin. Carapace length (from the posterior margin of the eye orbit to the posterior margin of the cephalothorax) of each shrimp was measured to 0.1 mm using an ocular micrometer. We sexed each shrimp through the presence or absence of the appendix masculina (Bruce, 1974) , and classified embryonic development of females as described above. Ten shrimp were lost or damaged prior to sexing (four single shrimp, five members of a pair, and one member of a trio).
Statistical Analyses
We used a number of analytical techniques in this study, most of which were simple and therefore not explained in detail here. Based on the mean number of shrimp per urchin, we used a Poisson distribution to predict the number of shrimp per urchin and then used a series of Gtests to compare the observed numbers to the predicted. Any category with an expected value lower than 5 was collapsed into the next smallest category. We first tested for an overall difference between the random and observed distributions then used a two-category G-test as a posthoc analysis to test for specific differences, e.g., was the number of single shrimp greater than expected relative to all other combinations of shrimp. Because the combinations of shrimp by sex were more complicated than the counts per urchin, we used a randomization test to analyze those data. We pooled all sexed shrimp and then combined them randomly and without replacement while maintaining the same frequency of single and paired shrimp as found on the urchins in the field. Thus, in each random assortment we maintained the same number of single and paired shrimp on the same number of urchins but with potentially different frequencies of the five combinations of shrimp, i.e., single males, single females, male pairs, female pairs, and heterosexual pairs. By doing this for 10 000 iterations we created a randomly generated, expected distribution for each of the five combinations. We then determined how extreme the observed frequency of each combination was by comparing it with its random distribution. If the observed frequency of a particular combination was greater than or less than 97.5% of its randomly generated iterations, then it was considered extreme and significantly different from random at P < 0.05 (i.e., 97.5% for a two-tailed test: 2.5% at each end of the distribution). More extreme observed values result in even lower P values. Finally, we used a two category G-test to test whether females paired with males had embryos more often than those that were not paired with males.
RESULTS
The mean test diameters of L. variegatus and T. ventricosus were 60.3 ± 0.5 (SE) mm and 84.8 ± 0.7 mm, respectively. Density of L. variegatus ranged from 0.04 to 0.8 individuals m −2 while T. ventricosus density was 1 to 2.5 m −2 . Within our study sites there was a maximum of five G. mineri per urchin, although urchins with more than two shrimp were rare (Fig. 1) . At a site outside our study area, however, we observed a large T. ventricosus (135 mm test diameter) with 21 G. mineri. As far as we are aware, this is the largest number of G. mineri ever reported on a single urchin.
Grouping Patterns of Shrimp
Gnathophylloides mineri occurred as pairs significantly more frequently than predicted by a Poisson distribution ( Fig. 1 ; G-test: G = 176.233, 3 df, n = 607, P 0.001). The number of urchins with two shrimp was more than twice that predicted by random (G-test of paired shrimp vs. all other combinations: G = 81.182, 1 df, n = 607, P 0.001) while the number of urchins with one shrimp was much lower than expected by chance (G-test of single shrimp vs. all other combinations: G = 125.645, 1 df, n = 607, P 0.001). The results for each host species individually were qualitatively similar to those for the combined data set. There was a strong, significant correlation between L. variegatus test diameter and the number of symbiotic shrimp (Fig. 1 insert; Spearman rank correlation: r s = 0.378, n = 299, P < 0.001) but not for T. ventricosus (r s = 0.027, n = 305, P = 0.637).
During Table 1 ). The female: male sex ratio of 1.31 : 1 was not significantly different from 1 : 1 (binomial test: P = 0.188). Of the 21 shrimp found on the one large T. ventricosus outside of our field sites, at least 15 were female (the remaining six were lost before they could be sexed).
The majority of G. mineri pairs (86.7%) were malefemale, with the remaining 13.3% consisting of two female shrimp. Randomization analyses indicated that the proportion of male-female pairs was significantly greater than expected by random chance (Table 1) . Homosexual pairs were less common than predicted (although pairs of two males were not significantly different from random expectations on T. ventricosus, probably because there were so few malemale pairs from which to build a random distribution). Single shrimp, regardless of sex, did not differ from what would be expected by chance. The majority (39, or 60.9%) of female shrimp were paired with males, 6 (18.8%) were paired with another female, and 13 (20.3%) were single. The sex ratio of single shrimp was 1.3 : 1, equal to the species-wide sex ratio. A shrimp was far more likely to be found with a member of the opposite sex (Table 1 ; 69.0% of shrimp) than either by itself (20.4%) or with a member of its own sex (10.6%).
Role of Shrimp Size
There were no significant correlations between urchin diameter and the length of the longest shrimp for either urchin species (smaller P = 0.326), nor were there any significant correlations between test diameter and the total length of all shrimp for either urchin species (smaller P = 0.532). Female G. mineri were significantly longer than males across the population ( Fig. 2; females: 1.86 ± 0.03 mm, males: 1.70 ± 0.03; t = 1.979, 126 df, P < 0.001) and within pairs (females: 1.91 ± 0.03 mm, males: 1.69 ± 0.04 mm; paired t = 4.83, 38 df, P < 0.001).
The smallest shrimp we measured were a 1.1 mm long male and a 1.1 mm long female without eggs. During our non-destructive sampling in January 2002 we observed two small (approximately 0.5 mm carapace length) G. mineri and in August 2002 we observed another 4 small individuals. These were the only (presumably) juvenile individuals we observed throughout the entire study. Table 1 . Frequency of groupings of symbiotic G. mineri on two host urchin species. Observed values are data collected from field sites. Predicted values were determined by the randomization process described in the Methods. This process was carried out 3 times: individually for each host urchin species and for both combined. Urchins without shrimp were not included in the analysis. Observed values that are significantly different from the value expected by random chance are indicated: *P < 0.05, ***P < 0.001. .3% of all females were ovigerous, and 38.2% of these had stage 2 embryos. Of the 23 females without a male partner, 17 (73.9%) were ovigerous. Non-destructive sampling throughout the year indicated that the percentage of pairs (presumably male-female, given the results described above) in which one shrimp was carrying eggs was consistently high (Fig. 3) . Only once (June 2002) was this percentage below 80%. All 39 paired-male G. mineri were found with ovigerous females. All females paired with males were ovigerous (Table 2) , a proportion significantly greater than that of the general female population (90.3%; G-test: G = 7.939, 1 df, P = 0.005). Although the presence of a male seemed to lead to a higher rate of ovigery in the females paired with them, there was no apparent effect on development of the embryos. When paired with males, the proportions of females with stage 2 (23.7%) and stage 1 embryos (76.9%) did not differ from the population-wide proportions (26.8 and 73.2%, respectively; G-test: G = 0.282, 1 df, P = 0.595).
DISCUSSION
Symbiotic G. mineri in Jamaica occur on their host urchins predominantly as male-female pairs, suggesting that the shrimp are socially monogamous (Baeza and Thiel, 2007;  Baeza, 2008) . Given the large number of small predatory fishes (primarily wrasses and grunts) at our field sites, predation pressure on free-moving G. mineri is presumably high. A monogamous mating system that eliminates the need for mate searching would therefore reduce predation risk and increase overall reproductive success.
If G. mineri are strictly monogamous, single females should have low mating success. However, 74% of females without a male partner were ovigerous. Furthermore, there was no difference in median egg developmental stage between single females and male-paired females. Male G. mineri may engage in opportunistic extra-pair mating behavior, as does the symbiotic gnathophyllid shrimp Hymenocera picta Dana, 1852 (Wickler, 1973 . Gnathophylloides mineri use visual and chemical cues to find preferred urchin hosts (Williamson et al., 2012) and can move easily between neighboring urchins (Patton et al., 1985; Maciá and Robinson, 2009 ). Urchins at our field sites occasionally occur in clusters of a few to several individuals, and shrimp could then easily switch hosts in search of extra-pair mates. Even if urchins are farther apart, their chemical cues may induce male shrimp to change hosts. Male G. mineri may also leave their host urchins at night (when predation risk is lower), as has been observed in captive Tuleariocaris neglecta Chace, 1969 , a symbiotic paleomonid.
Alternatively, males may be sequentially monogamous, forming only short-term associations with females and switching hosts frequently in search of new mates. Given their cryptic nature and small size, we could not directly determine how long males stay on a particular urchin. Sequential monogamy was inferred in males of the symbiotic paleomonid Pontonia mexicana Guérin-Méneville, 1855 using four indications (Baeza et al., 2011) , three of which we observed in G. mineri. Firstly, true (as opposed to sequential) monogamy involves prolonged bonding; therefore, males should be found with females regardless of the female's state of sexual receptivity. Males of P. mexicana, however, were more likely than expected by chance to be with females with late-stage embryos. This behavior suggested that males move about in search of females who will soon spawn and then become sexually receptive (Baeza et al., 2011) , as do males of certain other symbiotic crustaceans such as the crab Inachus phalangium (Fabricius, 1775) (Diesel, 1986 ) and the shrimp Ascidonia flavomaculata Heller, 1864 (Baeza and Díaz-Valdés, 2011) . Males of G. mineri are more likely to be with ovigerous than non-ovigerous females. Pairing with females with late-stage embryos, however, was not different than expected by chance, which does not support the sequential monogamy hypothesis.
Secondly, in truly monogamous symbionts there should be a positive correlation between host size and symbiont size.
Thirdly, there should also be a positive correlation between male and female size within a strictly monogamous pair (Baeza et al., 2011) . Neither of these correlations was significant in our study, supporting the hypothesis of sequential, not strict, monogamy.
Fourthly, male P. mexicana (Baeza et al., 2011) and G. mineri (Lewis, 1956 ) have significantly larger chelipeds than females, again suggesting sequential monogamy as wandering males may have to compete with other males.
In conclusion, G. mineri in Jamaica occur predominantly as male-female pairs. The longevity (sequential vs. strict monogamy) and faithfulness (possibility of occasional extrapair matings) of the pair association, however, is still uncertain.
The sex ratio at our field sites, where we found a maximum of 5 shrimp per urchin, was not significantly different than 1 : 1. In the Virgin Islands the sex ratio of G. mineri is strongly female-biased: 4 : 1 females: male (Patton et al., 1985) . That polygynous population has greater shrimp densities per urchin than our Jamaican population, suggesting that the mating system in G. mineri may depend on population density: monogamous (or at least pair-bonded) when population density is low vs. polygynous when density is high. This hypothesis is further supported by the 21 shrimp we observed on a single large urchin outside of our field sites: at least 15 of those shrimp were female. While we were unable to sex all the shrimp, even if the unsexed individuals were all male, the sex ratio would still be highly female-biased. This unusually large urchin hosted an unusually large group of polygynous shrimp. Thiel and Baeza's (2001) model predicts that the social behavior of symbiotic crustaceans depends on the potential of symbionts to monopolize their hosts and find conspecific individuals. In our Jamaican population, G. mineri are strongly pair-bonded as this model predicts for symbionts with low monopolization potential. In the Virgin Islands (Patton et al., 1985) , however, G. mineri occurs in polygynous groups. Monopolization potential is determined by the ratio of symbiont/host size, host complexity, and symbiont weaponry (Thiel and Baeza, 2001) . The latter two characteristics are similar between our Jamaican study populations and those of the Virgin Islands. Shrimp and host size, however, are different. Jamaican shrimp are larger (carapace length = 1.9 mm for females, 1.7 mm for males) than in the Virgin Islands (1.7 mm for females, 1.5 mm for males), whereas Jamaican urchins are smaller (60 to 85 mm test diameter) than in the Virgin Islands (115 mm; Patton et al., 1985) .
Although Thiel and Baeza (2001) state that the relationship between symbiont size and host size has only "limited utility in predicting social behaviour," differences in geographically distinct G. mineri populations suggest that size might matter: when shrimp are large relative to their host (as in Jamaica), individuals occur as heterosexual pairs, whereas when shrimp are relatively small (as in Virgin Islands or the exceptionally large Jamaican urchin) they occur as polygynous groups. This is precisely what the more recent model of Baeza and Thiel (2007) predicted: in habitats with high predation, symbionts of small hosts should be monogamous while symbionts of large hosts should be polygynous. In Jamaican G. mineri populations, small host size may constrain the number of shrimp that can be supported on a single host; thus monogamy is favored. In the Virgin Islands, larger hosts can support greater numbers of shrimp, and males are able to maintain a polygynous aggregation on their host urchin.
Based on an unequal sex ratio and sexual dimorphism in their Virgin Islands population, Patton et al. (1985) raised the possibility that G. mineri are protandrous hermaphrodites. Our G. mineri population is sexually dimorphic (females are significantly larger than males) but with an equal sex ratio. Jamaican G. mineri appear to be socially monogamous (at least with respect to predominance of pair bonding), a mating system that, among carideans, is typically associated with gonochorism (Correa and Thiel, 2003) . Given these inconclusive ecological data, histological studies are needed to determine whether this species is gonochoristic or sequentially hermaphroditic.
In Barbados, female G. mineri were found to bear eggs from April to August (Lewis, 1956 ). It is not clear, however, whether reproduction was seasonal (i.e., no ovigerous females were present at other times of the year) or whether sampling occurred only from April to August. In Jamaica we found ovigerous females throughout the year, a common pattern among tropical caridean species (Wickler, 1973; Bauer, 1989; Correa and Thiel, 2003) . Not only is spawning continuous at the population level, but it is also continuous on an individual basis (sensu Bauer, 1989) , as indicated by the consistently high percentage of ovigerous females present year-round.
Gnathophylloides mineri is a poorly studied member of the Caridea yet its geographic variability in sex ratio, relative size, population density, and mating system make it a valuable subject in comparative studies. It is possible that G. mineri actually represents a complex of yet-to-be-identified sibling species, hence such wide variability. Nevertheless, given the circumtropical distribution of this species (or group of species), additional studies on populations through-out the tropics may help further refine already existing models and hypotheses on caridean behavior and reproduction.
